The optical surface plasmon resonance (SPR) phenomenon was used to detect the apatite formation on the titania films. The apatite formation on the anatase titania deposited by atmospheric chemical vapor deposition using a modified-simulated body fluid (m-SBF) solution was detected by the SPR method using a multilayer structure of titania/gold/chromium/optical glass. To contact both the titania surface and m-SBF solutions, flow channel made by silicone is put on the multilayer device surface. The m-SBF solution was injected to the flow channel, and then SPR angle was measured at each time. SPR angle was shifted by +0.03°after 13 min since the start of the injection. SPR angles increased with duration until 39 min. By assuming that apatite was flat, the deposition rate for apatite layer was calculated to 0.23 nm/h from the obtained SPR profiles. The SPR profiles after 39 min included some noise because apatite was formed as a non-uniform layer such as slit-like structure. These results indicate that the early growth of apatite formation on titania films can be detected by the multilayer SPR device.
Introduction
Titanium metal is a relatively bioinert metal with good biocompatibility that exhibits sufficient mechanical strength to be used as artificial human bone. 1) Titanium metal has recently been used in dental implants, 2) artificial joints, 3) and artificial bones. 4) One of the applications of titanium metal for biomedical parts is bone. Titanium surface is coated with a natural oxide layer of titania. Thus, the body usually comes in contact with titania rather than titanium. When titanium or titania are applied to the artificial bone, it is required that apatite layer is formed on their surface by the fluid of the body. To check the formation, titanium or titania is generally placed in a simulated body fluid in biocompatibility testing. Then the samples are completely dried and examined by microscope or scanning electron microscopy. 5), 6) In these tests, the methods used to evaluate apatite formation require a long time for each process. Hence a simple method of evaluating apatite formation in a short time is required.
On the other hand, optical surface plasmon resonance (SPR) biosensors can be used to detect biopolymer interactions in medical chemistry and experiments for environmental monitoring and food safety. 7)9) When a light is brought near a metal-vacuum interface, surface plasma waves can be optically excited by the evanescent waves that undergo total reflection. 10) Furthermore, a system with a Kretschmann configuration was developed for detecting the SPR phenomenon, which employs the phenomenon of total internal reflection. 11),12) At a metal film on a glass block prism, the light reflected from the glass block generates an evanescent wave that penetrates through the metal film. The evanescent field K ev is given by
where n p is the refractive index of the prism, ½ is the frequency of the incident light, c is the speed of light in vacuum, and ª is the angle of incidence of the light. Plasmon waves are also excited on the external surface of the film. The wave vector of a surface plasmon (K sp ) can be approximated as
where ¾ m is the dielectric constant of the metal film and n s is the refractive index of the dielectric medium. When K sp = K ev , the surface plasmon is resonantly excited, and the reflection intensity of the laser from the backside of the metal film is rapidly reduced. The angle in this condition is defined as the SPR angle "ª spr ". 13),14) Examination of Eq. (1) shows that K sp is dependent on the refractive index of the water/air medium above the gold (Au) film, which can be monitored up to a thickness of approximately 100 nm above the metal surface (within the detection limits of SPR). Therefore, if the refractive index above the gold surface changes owing to the adsorption of a protein, the angle of incidence required to excite a surface plasmon changes. By monitoring the angle at which resonance occurs during the adsorption process, the SPR adsorption profile can be obtained. The SPR phenomenon has been used to detect the interaction between inorganic films and proteins. When the inorganic thin films are required to be deposited within 100 nm from the prism because of the detection limits of SPR, detection using the SPR phenomenon is possible. Some reports described that protein adsorptions on a ceramic surface could be detected by a multilayer structure of ceramic/Au using the SPR phenomenon. 15)17) From these facts, we proposed an apatite formation detection technique using a multilayer-type SPR sensor. In this study, titania was deposited on the Au layer, and simulated body fluid was put on the titania layer. When apatite was deposited on the titania, resonance condition for SPR is changed. Hence, the apatite formation on titania surface at early growth would be obtained.
Experimental methods
The device with a titania/metal multilayer structure used for SPR detection is shown in Fig. 1 . Gold (Au) was used as the metal. An optical glass substrate with dimensions of 25 © 25 © 1 mm 3 and a refractive index of 1.778 was chosen. A 1.5-nmthick chrome (Cr) layer was used as an adhesion layer between the Au film and the substrate. The Cr layer was deposited by magnetron sputtering using a Cr target (99.9%) in Ar gas. Furthermore, a 50-nm-thick Au film was deposited on Cr/glass by sputtering; a pure Au target (99.95%) was used for the deposition. For SPR detection, titania obtained from titanium tetraisopropoxide Ti(O-CH(CH 3 ) 2 ) 4 was deposited on Au/Cr/ glass by atmospheric chemical vapor deposition (CVD). 18) The titanium tetraisopropoxide was vaporized at 80°C then transported to the nozzle of the CVD apparatus using a carrier gas (N 2 ) with a flow of 3 L/min, and the titania film was deposited on the gold layer on the substrate, which was maintained at 400°C. A titania film was also synthesized on a silicon substrate to investigate the crystalline structure by X-ray diffractometry (XRD). Finally, the SPR device consisting of titania/Au/Cr/ glass multilayer was integrated with a glass triangular prism using index-matching oil (n = 1.778).
The SPR sensor works using the Kretschmann configuration that employs the phenomenon of total internal reflection to achieve the resonant condition. The incident light is a beam from a laser diode with a wavelength of 635 nm (Sigma Koki LDU-33-635-3). The intensity of the reflected light is detected using a photodetector (Advantest Q82324-ADCE8250A). The laser diode and the photodetector are mounted on separated rotating stages and the stages are moved using a stepping motor with a maximum resolution of 0.0025°(Sigma Koki KST-120YAW). An iris diaphragm mounted between the laser diode and the prism is used to reduce the beam diameter to approximately 0.8 mm.
A flow cell with a volume of approximately 0.5 mL was attached to the multilayer SPR device to investigate the etching rate for alumina films. To prepare m-SBF, 5.403 g NaCl, 0.504 g NaHCO 3 , 0.426 g Na 2 CO 3 , 0.2225 g KCl, 0.230 g K 2 HPO 4 , 0.311 g MgCl 2 , 17.892 g HEPES, 0.293 g CaCl 2 , and 0.072 g Na 2 SO were mixed with 100 mL of 0.2 M NaOH solution. After that, the solution was adjusted to pH 7.4 by 1.0 M NaOH solution. Finally, the obtained solution was prepared to 1 L m-SBF solution by mixture with ion-exchanged water. 19) To determine the thicknesses of the apatite layer, all the SPR curves were fitted using simulation software based on Fresnel equations (WINPALL developed by Dr. W. Knoll, MPIP, Germany).
The crystalline structure of the apatite and the titania were determined by X-ray diffraction (XRD). MO3XHF MXP3 (Mac Science) was used for the XRD measurement with Cu K¡ (1.54 ¡) X-ray sources. The incidence angle of the X-ray was varied between 20 and 60°, with a step of 0.02°for each measurement. The micro image of the deposited apatite surface morphology was observed by scanning electron microscope (SEM). JSM-6700F (JEOL) was used for the SEM observation. The dependence of reflectivity on the laser incident angle used to evaluate apatite formation on the titania layer surface on a Au layer, is shown in Fig. 3 . First, a pure water was injected onto the titania surface, and ª spr was measured as initial angle. By considering the attenuation of reflected light, the laser incident angle resulting in the weakest reflectivity was defined as ª spr , which was determined to be 67.90°for initial condition. After that, an m-SBF solution was injected onto the titania surface, and ª spr was measured. Thirteen min after, ª spr increased from 67.90 to 67.91°. After that, ª spr increased with duration. At 39 min ª spr was reached to 67.96°. Profiles before 39 min could be fitted by theoretical profiles obtained by simulation software based on Fresnel equations. After 52 min, the profiles of reflectivity on the laser incident angle indicated noise at around 66.5 and 69.1°. These noises included on profiles could not be fitted by theoretical profiles obtained by simulation software based on Journal of the Ceramic Society of Japan 120 [7] 286-289 2012 Fresnel equations. Hence, these results indicated that the apatite formation on titania surface by m-SBF could be detected by SPR until duration of 39 min. Figure 4 shows ª spr for each duration. ª spr was shifted by 0.0018°/min. From this value and reported the refractive index, 20) the growth rate of apatite was determined to be 0.23 nm/h by supposition that the flat and uniform apatite 
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layer was formed. Thus, the shift of ª spr showed that SPR measurement using the titania/Au multilayer device can be used to detect initial growth of apatite on a titania surface.
To check the apatite formation, m-SBF was put on the same sample during 10 days. After that surface morphology and crystalline structure were investigated by SEM and XRD. Figure 5 shows XRD profile of the sample. The peaks at 25.30, 37.75, 48.05, and 55.10°were assigned to the titania. From ICDD card No. 00-055-0592, the peaks at 28.85, 28.70, 31.20, 39.70, 46.75, 49.57, and 53.22°were assigned to the (002), (102), (211), (310), (222), (213), and (004) planes of apatite, respectively. It is proof of apatite formation on the titania and the profile change at SPR estimation is caused by apatite formation. Furthermore, the deposited apatite surface was observed to understand why profiles after 52 min had noises. Figure 6 shows SEM images of the deposited apatite surface by 4 days. From these SEM images, the wall-like structures were observed. These wall-like structures were also reported as apatite formation in some reports. 21)23) On SPR measurement, the relationship between the evanescent wave and the plasmon wave is locally different when deposited layer was non-uniform and non-flat. The laser spot size was 1 mm diameter, and laser spot size is larger than size of one piece of these wall-like apatite. When apatite formations proceed by local growth, SPR conditions are different by location. At early growth of apatite, this local growth did not affect to SPR profiles such as addition of noise to the profile. Thus, it was considered that SPR profiles before 39 min did not include noise. On the other hand, SPR profiles at 52 and 65 min were affected by local growth of apatite, and these profiles included some noise. Hence, these results indicated that the SPR method using multilayer device was able to detect an early growth of apatite.
Conclusions
The growth rate of apatite on titania by m-SBF were determined using an SPR device with a multilayer structure of titania/ Au/Cr/glass. Before starting of non uniform growth of apatite, the early growth rate of apatite could be estimated by the SPR technique. These results indicated that the SPR technique, which is an easy technique with short time for the biocompatibility evaluation, can be used to detect in early growth of apatite.
